Radiocarbon dating is typically an archaeological tool rather than a forensic one. Recently however, we have shown that the amount of radiocarbon present in tooth enamel, as a result of nuclear bomb testing during the cold war, is a remarkably accurate indicator of when a person is born. Enamel isolated from human teeth is processed to form graphite and carbon-14 ( 14 C) levels are measured using accelerator mass spectrometry. Since there is no turnover of enamel after it is formed, 14 C levels in the enamel represent 14 C levels in the atmosphere at the time of its formation. In this paper we describe the strategy used to determine the date of birth of an individual based on radiocarbon levels in tooth enamel, focusing on the methodology of this strategy. Year of birth information can significantly assist police investigators when the identity of a deceased individual is unknown. In such cases police will try to match particulars of the unidentified individual (which is often only gender and/or an estimate of age), with particulars from missing persons lists.
Introduction
Radiocarbon or carbon-14 ( 14 C) is produced naturally in the atmosphere by cosmic ray interactions with nitrogen-14. Single carbon atoms in the atmosphere are chemically reactive and are quickly oxidized to carbon dioxide CO 2 . The atmospheric concentration of natural 14 C with respect to all carbon has remained relatively stable at about 1.2 parts per trillion over the past several thousand years. Atmospheric detonations of nuclear weapons during the 1950s and early 1960s doubled the concentration of 14 C/C in the atmosphere (Figure 1a ).
From the peak in 1963, the level of 14 CO 2 has decreased with a mean life of about 16 years.
The 14 C has not actually disappeared or decayed, it has simply moved out of the atmosphere due to mixing with large marine and terrestrial carbon reservoirs. The temporal variations of artificially high levels of atmospheric radiocarbon have been captured in organic material world-wide and thus offer an opportunity to determine a date of synthesis for biomolecules.
Some geographical variation exists because there were a limited number of sources of bombpulse 14 C. As a result, the upswing and the peak values of the curve do vary with location around the globe [1, 2] . However, the pulse of 14 CO 2 rapidly mixed in the atmosphere with all other CO 2 to produce a relatively homogeneous distribution of atmospheric 14 CO 2 [3] . Since radiocarbon is incorporated into all living things, this pulse is an isotopic chronometer of the past 60 years.
The carbon isotopic content of new plant growth reflects the atmospheric radiocarbon concentration. New leaves are produced in a matter of weeks while larger fruit and vegetables form over the period of a month or two. Herbivores lag the atmosphere slightly because their primary carbon source is weeks to months removed from the atmosphere.
Omnivores and carnivores lag the atmosphere further because their carbon sources are another step removed. The date of formation of a tissue or specific biomolecule can be estimated from the bomb-curve by considering these lags in incorporation and relating the 14 C concentration with the date. Enamel formation can occur over several years in humans [4] .
For radiocarbon analysis of tooth age, we use the upper limit of enamel formation (i.e. the time of enamel laydown completion), which balances out lag periods of 14 C incorporation from the atmosphere to the body.
Rational for using enamel rather than collagen
Bone is a preferred sample matrix for traditional radiocarbon dating. Bone's ability to resist rapid decay while containing a relatively high concentration of carbon makes it a desirable material for traditional dating [5] . Traditional radiocarbon bone dating dissolves the mineral component of bone in acid and retains collagen to avoid potential complications with mineral exchange of carbonates in the environment over thousands of years. Collagen is a protein and is not affected by environmental carbonate exchange like the mineral component of bone.
Attempts to use bone and cartilage for bomb-pulse dating however, have had limited success.
Bone and cartilage are living tissues and exhibit low but variable turnover, depending on age, activity and type of bone [6] [7] [8] [9] [10] [11] . Older individuals tend to lose more bone than they replace during the bone recycling process. In general, bomb pulse dating of bone collagen can be used to determine if someone was alive during the period of the pulse, but cannot determine a date of birth or death [12] . Cartilage has similar limitations as bone [13] . Like bone, cartilage integrates a lifetime of 14 C exposure with variable turnover into the tissue. The slow, but variable turnover of cartilage makes it an unsuitable tissue for age determination.
Although dental enamel is the hardest substance in the body, teeth are not routinely used in traditional radiocarbon dating due to fear of carbonate mineral exchange during centuries of burial. After being produced in childhood or adolescence, there is no turnover of enamel throughout life, and the 14 C concentration of the enamel reflects the level in food sources at the time of enamel formation. Since teeth are formed at distinct, well-documented ages during childhood [4, 14] , the 14 C concentration in dental enamel can be used to determine an approximate date of birth [15, 16] . The absence of bomb-pulse carbon from enamel places date of birth no more recent than the early 1950's or 40's (depending on the tooth number analysed). The technique reports accurate determination of teeth of known age with precision ± 1.5 years, a significant improvement over previous techniques [15] .
Processing of enamel samples is different than soft tissues because the carbon resides in a mineral matrix rather than protein. Enamel samples must be dissolved in acid and the liberated CO 2 must be trapped for isotopic analysis. In collagen separations, the mineral phase is dissolved and discarded and the protein not affected by the acid is retained for isotopic analysis. The live part of the tooth, principally dentin, is similar to bone, with high collagen content and slow turnover and recycling of the carbon. Its collagen provides little information from 14 C other than whether an individual was alive during the pulse [10] .
Enamel preparation
The crown of the tooth is cut away from the root at the level of the cervical line. The crown is then immersed in 10N NaOH and placed in a water-bath sonicator overnight (Branson 150). The temperature of the water in the sonicator bath warms up gradually over time, to a maximum temperature of 70 0 C. Approximately every 24 hrs the NaOH is replaced and the soft non-enamel structures etched away using blunt dissection. The enamel is then washed in DDH 2 O, re-submersed in 10N NaOH, and returned to the sonicator. This procedure is repeated daily until all dentin and soft structures are stripped from the enamel. The enamel is then rinsed several times in DDH 2 O and dried at 65 0 C overnight. Enamel is weighed and kept sealed in a glass tube ready for accelerator mass spectrometer (AMS) pre-treatment.
AMS sample preparation
Aliquots of the enamel samples are placed in culture tubes for pre-treatment to remove the surface carbon that may have contaminated the enamel between formation and analysis.
Since the carbon content of enamel is 0.5-0.6%, 80-150 mg aliquots are typically used to get full sized samples for 14 C analysis. Enamel samples are immersed in 1.0N HCl at room temperature for 1.5 hr, rinsed 3 times with DDH 2 O and placed on a heating block at 95 0 C to dry overnight. The acid pre-treatment is designed to etch the outer surface of the enamel that was exposed to the harsh base environment earlier without dissolving too much of the enamel. Base always contains some carbonate that can potentially exchange with the enamel during the enamel preparation step. Each dried enamel sample is broken into 5-10 pieces and placed in an individual single-use reactor. Enamel splits are hydrolyzed to CO 2 in individual reaction chambers, evacuated, heated and acidified with concentrated orthophosphoric acid at 90 0 C. The evolved CO 2 is purified, trapped, and reduced to graphite in the presence of iron catalyst in individual reactors [17, 18] . With the aliquots used, nearly all CO 2 samples are > 500 µg C. CO 2 is split and δ 13 C measured by stable isotope ratio mass spectrometry. A δ 13 C correction of -15 +/-2 is typically used for samples that are too small to obtain a CO 2 split.
Background values are controlled by consistently following procedures, frequently baking sample tubes and CuO oxidizer, and maintaining a clean lab [19] .
AMS Sample measurement and analysis
Graphite targets have previously been measured using the 10-MV HVEE FN-class tandem electrostatic AMS system at the Center for Accelerator Mass Spectrometry at LLNL. The general operation is similar to that described by reference 19 when performing high-precision measurements of 18,000 year old turbidites used as secondary standards. Details on the design of the AMS system and its operation can be found in the literature [20] [21] [22] [23] . The system employs a LLNL designed high-output solid graphite Cs-sputter source [21] which emits ~300
µΑ of 12 C -from a full-sized sample, corresponding to ~900 14 C counts per second from a contemporary sample. The FN AMS system routinely achieves 15% total system efficiency for C [23] . Enamel samples are usually full sized and contemporary, so analysis times are relatively rapid, generally about 5 minutes. The enamel samples are measured for 30,000 14 C counts per cycle for 4-7 cycle repetitions and achieve standard deviations of 0.3-0.8%.
Corrections for background contamination introduced during AMS sample preparation are made following the procedures of [24] . All data are normalized with six identically prepared NIST SRM 4990B (Oxalic Acid I) primary standards. NIST SRM 4990C (Oxalic Acid II), IAEA-C6 (formerly known as ANU sucrose) [25] , and TIRI wood [26] are used as quality controls to monitor spectrometer performance. 14 C-free calcite serves as background material for processing the enamel samples. The measurement error is determined for each sample and generally ranges between ± 0.2 -0.8% (1 SD). All 14 C data are reported as decay corrected Δ 14 C following the dominant convention of [27] . This convention established for reporting radiocarbon data in chronological and geophysical studies was not developed to deal with post-bomb data, but it is the most common pending the adoption of a standard nomenclature for post-bomb data [28] . Δ 14 C was calculated using the following formula: 
From 14 C to year of birth
The average age at which enamel formation is completed for each specific tooth has been determined previously and is dependent on the tooth number and gender of the person [4, 15] . In cases where gender of a person is unknown, the average time for enamel completion for males and females can be calculated. To estimate an individual's date of birth (i) 14 C concentration measured in the tooth enamel is plotted on to a curve of atmospheric 14 C against time (for northern atmospheric 14 C levels, see Figure 1a ) to determine the year of enamel synthesis and (ii) the time (in years) taken for the enamel to form is subtracted from the year obtained (see Figure 1b) . This gives an estimated date of birth.
If it is not obvious whether an individual is born before or after the peak of the bomb tests, then two teeth with different enamel laydown times need to be analysed -this will distinguish whether the 14 C measurement relates to the rising or falling part of the curve [15] .
Conclusions
Radiocarbon dating of human tooth enamel provides a reliable and accurate dating strategy for determining the date of birth of an individual. Traditional methods used for age determination in adults can yield error margins of +/-10 years [29] . Such estimates offer little help to police authorities who as a first step towards making an identification try to match unidentified bodies/remains to missing persons lists. Given the significantly improved precision in age determination using radiocarbon dating, and the increasing availability (especially of smaller 'table-top' AMS models) and precision of AMS, application of the outlined dating method offers considerable potential for routine forensic application. 
